Abstract. Amplification of space charge waves (SCW) due to the negative differential conductivity (NDC) in n-GaN films of submicron thicknesses is investigated theoretically. An influence of nonlocal dependence of average electron velocity on the electron energy is considered. The simplest nonlocal model is used where the total electron concentration is taken into account. The relaxation momentum and energy frequencies have been calculated. An influence of nonlocality on NDC results in the decrease of absolute value of its real part and appearance of the imaginary part. The simulations of spatial increments of amplification of SCW demonstrate that nonlocality is essential at frequencies f ≥ 100 GHz, and amplification is possible up till the frequencies f ≤ 400…500 GHz.
Introduction
Amplification of traveling space charge waves (SCW) of the microwave range in n-GaAs films due to negative differential conductivity (NDC) has been under investigations for many years [1] . But the frequency range of amplification of SCW in GaAs films is f < 50 GHz. It is better to use new materials possessing NDC at higher frequencies f = 100…500 GHz, like gallium nitride GaN [2, 3] .
A comparison of GaAs and GaN shows that NDC occurs in GaAs when the occupancy of higher valleys (L, X ones) is 30% and more [3] . In GaN the occupancy of higher valleys is essentially lower, of about 10%. Therefore, in GaAs it is impossible to describe the amplification of SCW by means of the simplest nonlocal hydrodynamic model, where the unified electron concentration, average electron velocity, and energy are considered [4] . For GaN, it is possible to apply the simplest nonlocal model; there are evidences that in the zinc blende n-GaN the mechanism of NDC is different from the intervalley transfer, but is due to the inflection of the electron dispersion [5] .
In the report the spatial increments of amplification of SCW due to NDC are calculated. An influence of nonlocal dependence of drift velocity on average electron energy is investigated. The momentum and energy relaxation frequencies are calculated. Nonlocality is essential at the frequencies f ≥ 100 GHz and leads to decrease of spatial increment of amplification. Amplification of SCW is possible up to frequencies f ~ 500 GHz.
Nonlocal hydrodynamic equations and relaxation frequencies
In the simplest nonlocal electron hydrodynamics, the electron fluid is described by the total electron concentration n (for all valleys jointly), the average electron velocity v, and average electron energy w. The equations of balance of the number of particles, the momentum, and the energy are [1, 4] :
Here n, v, and w are electron concentration, average velocity, and average electron energy;ν p , ν w are momentum and energy relaxation frequencies; m * is the effective mass, T ≈ (2/3)w is the electron temperature in energetic units, κ is the thermoconductivity coefficient; w 00 = 0.039 eV is the electron energy at 300 K; ν p , ν w , m* are functions of the average electron energy w. Thermoconductivity is not essential up till the frequencies 2..3 THz.
From stationary dependencies v = v(E) and w = w(E) [3] , it is possible to get the relations E = E(w),
, then the relaxation frequencies can be calculated as: The calculated dependencies are given in Fig. 1 . One can see that the momentum relaxation frequency is ν p >> ν w , therefore, for the frequencies of SCW f < 1 THz it is possible to neglect by the inertia of electrons:
Here μ, D are mobility and diffusion of electrons:
After substitution of (3) into the equations for n and w, one can get the following equations: Below we investigate the linear amplification of SCW in GaN films on the dielectric substrate (ε 1 = 10). SCW propagate along OZ-axis, the n-GaN film occupies the region 0<x<2l, x>2l is vacuum, x<0 is a semiinfinite substrate. The case of zinc blende n-GaN is considered. The following representation is used: has been used.
At lower frequencies f ≤ 150 GHz, where the local dependence of the drift velocity on electric field v = v(E) can be used, the amplification is determined by the derivative dv/dE≡d(μE)/dE < 0. An analysis of Eq. (7) yields that at higher frequencies this derivative should be substituted by the following complex expression:
One can see that at higher frequencies the differential conductivity becomes complex, and, moreover, above the frequency f ≈ 600 GHz NDC disappears. Therefore, it is possible to use the simplest nonlocal model for and the local diffusion-drift equations are valid, the second term in (12) does not depend on frequency. At higher frequencies, the second term in (10) becomes complex and the absolute value of its real part decreases slightly. Moreover, the estimations give that
Thus, from the simplest nonlocal model it is impossible to estimate the diffusion coefficient correctly even at lower frequencies. The situation is not crucial for n-GaN as for n-GaAs, where an application of the simplest nonlocal model leads to perfectly incorrect results [4] .
For simulations of spatial increment of amplification of SCW we have used the value of the diffusion coefficient obtained within the framework of the local model. In Fig. 2 
Conclusions
The simplest variant of nonlocal hydrodynamics gives a possibility to estimate the decrease of amplification of space charge waves in n-GaN films at higher frequencies, due to decrease of the absolute value of the negative differential conductivity. To obtain the correct value of diffusion coefficient, it is necessary to use a more adequate model, based on the detailed balance equations for each valley. It is possible to obtain amplification of space charge waves in n-GaN films of submicron thicknesses up till f ≤ 400…500 GHz.
The work was supported by SEP-CONACyT (Mexico).
